We theoretically analyze nonlinear interactions between chirped solitons in dispersion-managed wavelengthdivision-multiplexing (WDM) systems. We employ the perturbation method to evaluate frequency and chirp shifts caused by collisions among different WDM channels. It is shown that a chirped soliton suffers less frequency shift and time displacement than an ideal soliton, indicating its potential applicability for WDM systems. © 1998 Optical Society of America OCIS code: 060.4510.
Recently, periodic dispersion compensations have attracted much interest in soliton-based communication systems. 1, 2 It was found that there exists a quasistationary pulse in dispersion-compensated systems with features that are more attractive than those of an ideal soliton, such as reduced timing jitter caused by amplif ier noise (Gordon -Haus effect) and improved signal͞noise ratio. The waveform of a quasistationary pulse deviates from that of an ideal soliton (sech-type pulse) and is closer to Gaussian. A unique feature common to such quasi-stationary pulses is the periodically changing chirp along its propagation. This strong chirp helps to reduce nonlinearity, which is necessary for balancing the local dispersion. We call this quasi-stationary pulse a chirped soliton and use this as a generic term in this Letter.
In addition to these remarkable features, interaction between chirped solitons in the same channel was found to be considerably suppressed without any control. 3, 4 Although this is a potential advantage in ultrahigh-speed communications, for a further increase in transmission capacity, wavelength-division multiplexing (WDM) may be required.
In soliton-based WDM systems, 5 in which solitons in different channels propagate at different speeds, collisions among them inevitably take place. The collisions induce nonlinear interaction between solitons and produce frequency shifts. In the ideal collision process, the frequency shift returns to zero after the collision because of the underlying symmetric picture of the whole collision process. However, when a lumped amplifier exists in the middle of a collision process, for instance, the symmetric picture breaks down. Although the effect of the asymmetric collision process is well averaged out if a collision takes place over a number of amplif ier spans, a collision process over a distance comparable with amplif ier spacing can lead to a residual frequency shift and to time displacement.
Recently, analyses were performed for WDM in periodically dispersion-compensated systems. [6] [7] [8] A frequency shift generated in the normal dispersion regime has a sign opposite that of a shift in the anomalous dispersion regime. At the same time, the relative directions of propagation with respect to each other in two channels are reversed in the normal dispersion regime. Collision among pulses is then expected to take place repeatedly in such systems. This indicates that the shift produced by collision might be completely canceled out under certain conditions, although a residual frequency shift could appear in a dispersioncompensated system even in the absence of loss. Recognizing this, Sugahara et al. 7 and Devaney et al. 8 derived an optimal design of dispersion compensation that averages out the asymmetric process of collisions topologically. In their analyses, however, weak dispersion management (i.e., DDZ a , , 1) was assumed, and the effect of chirp was not taken into account. In this Letter we analytically evaluate effects of collision among solitons with chirping in a strongly dispersionmanaged WDM system. Propagation of optical pulses in fibers with variable dispersion and nonlinear coefficients can be described by the nonlinear Schrödinger equation of the form
where T and Z are normalized time and distance, respectively, and eR͑q, q ‫ء‬ ͒ represents perturbation with jej , , 1. The dispersion d͑Z͒ is normalized by the averaged value. Here we introduce new amplitude u͑T , Z͒ through q͑T , Z͒ a͑Z͒u͑T , Z͒ with da͞dZ ͓2G 1 G͑Z͔͒a to remove oscillating amplitude owing to loss and periodic amplif ication. The renormalized amplitude u͑T , Z͒ satisfies
For an analysis of the performance of chirped solitons, we f irst assume the solution of Eq. (2) to be given as a chirped pulse of the form
We use a variational method to solve Eq. (2) and ansatz equation (3) to derive dynamic equations for the parameters A, B, C, k, T 0 and u 0 . Following the schemes in Ref. 9 , we obtain a dynamical equation for each parameter:
where t ϵ B͑Z͓͒T 2T 0 ͑Z͔͒, w ϵ C͑Z͓͒T 2T 0 ͑Z͔͒ 2 2 k͑Z͓͒T 2 T 0 ͑Z͔͒ 1u 0 ͑Z͒, and
The dynamical equations derived above are useful in estimating the inf luence of perturbative effects in transmission links. We now apply the result to a two-channel WDM system. In WDM systems, the propagation equation for each channel includes a perturbation term that originates from cross-phase modulation 5 :
where i͑ 1, 2͒ denotes each channel. Inserting the right-hand side of Eq. (6) into dynamical equa-
dk dZ
dT 0 dZ 2kd.
We notice from Eq. (7d) that a frequency shift is caused by interaction of chirped solitons in different channels. The frequency shift Dk satisfies the equation d͑Dk͒ dZ
where DT ϵ T 0, i 2 T 0, 32i . Especially when the chirped soliton is assumed to have a Gaussian structure ͓ f ͑t͒ exp͑2t 2 ͔͒, we have from Eq. (8)
Integrating Eq. (8) or (9) over a distance Z yields the frequency shift at Z.
As an example we apply this result to the WDM system, using chirped solitons with a Gaussian structure, including the power enhancement, that propagate in a lossless f iber with a stepwise dispersion prof ile, where each segment has the same length. Figure 1 shows plots of residual frequency shift Dk͑`͒ as a function of DD. Here the maximum of Dk͑`͒ is plotted for each DD, since the amount of frequency shift depends on the collision point: The maximum frequency shift is given by the collision at the dispersion discontinuity point. For a particular value of DD, we can achieve a symmetric collision process and expect to suppress those residual shifts in the same way as discussed in Refs. 7 and 8. In addition, residual frequency shift is considerably reduced in any case for a large DD. This is of particular interest, since in spite of the large variation of the pulse during the collision the effect of collision can be well averaged out.
Let us now return to dynamical equations (7a)-(7e). We can see from Eq. (7c) that interaction of chirped solitons in different wavelengths also gives rise The initial channel spacing is DB ϵ jk 1 ͑0͒ 2k 2 ͑ 0 ͒ j24, which corresponds to 2.12 GHz for the 20-ps pulse. to chirp shift. The chirp shift DC satisfies d͑DC͒ dZ 2
In the case of WDM of the chirped solitons with Gaussian structure, Eq. (10) leads to Figure 2 shows the averaged value of chirp ͗C͑Z͒͘ over a period obtained from numerical simulation along a distance Z, where Z 0 represents the collision point. Unlike in the case of the frequency shift, the average chirp asymptotically approaches zero independently of DD. This result disagrees somewhat with the result obtained from Eqs. (10) and (11); the variational result predicts a residual chirp shift for certain DD as in the case of the frequency shift. This discrepancy may be a consequence of radiation. Figure 3 shows a comparison of the collision-induced frequency shift of a chirped soliton and of an ideal soliton, both having the same pulse width. To eliminate the effects of repeated collisions as a result of periodic dispersion compensation, we evaluate the frequency shift of a chirped soliton at each amplif ier. Reduction of nonlinear interaction in a collision process can clearly be seen in this f igure. Moreover, we note that a large DD increases the effective collision length. These observations are of practical importance in the stage of multiplexing and demultiplexing signals at the terminal. 10, 11 In conclusion, we have derived dynamical equations for characteristic parameters of chirped solitons in dispersion-compensated systems, which are used to evaluate frequency and chirp shifts in WDM systems. The residual frequency shift is negligible for large DD. The analysis shows that collision also induces chirp degeneration, which is verified by numerical simulation. The chirped solitons suffer less nonlinear interaction than regular solitons in a collision process. The result conf irms that the dispersion-compensation technique contributes to the increase of transmission capacity by multiplexing not only in time but also in wavelength.
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